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A quantum computer based on an asymmetric coupled 
dot system has been proposed and shown to operate as the 
controlled-NOT-gate. The basic idea is (1) the electron is 
localized in one of the asymmetric coupled dots. (2) The elec- 
tron transfer takes place from one dot to the other when 
the energy-levels of the coupled dots are set close. (3)The 
Coulomb interaction between the coupled dots mutually af- 
fects the energy levels of the other coupled dots. The decoher- 
ence time of the quantum computation and the measurement 
time are estimated. The proposed system can be realized by 
developing the technology of the single-electron memory us- 
ing Si nanocrystals and the direct combination of the quantum 
circuit and the conventional circuit is possible. 



I. INTRODUCTION 

Since Shor's factorization program was proposed, 
many studies have been carried out with a view to real- 
izing the quantum computer ||l|-01. Although coherence 
is necessary for a quantum calculation, it is considered 
to be difficult to maintain coherence in the entire cal- 
culation process throughout the entire circuit. Thus, it 
will be more efficient and more realistic to combine the 
quantum computational circuit and the conventional LSI 
circuit in the same chip. Some proposals regarding the 
quantum computer based on semiconductor physics have 
been made from this viewpoint P@]. 

Kane H proposed the Si-based quantum dot computer 
using NMR of dopants (phosphorus). This idea is very 
promising because the qubits are isolated from the ex- 
ternal environment which causes decoherence. However, 
controlling the implantation of phosphorus exactly into 
the definite positions of the Si substrate will depend on 
future technology and the usage of the magnetic field 
seems to be undesirable in the conventional Si LSI cir- 
cuit. Here, we propose a coupled quantum dot system of 
a quantum computer which can be operated only by elec- 
trical effects and show that it can operate as a controlled- 
NOT-gate. It is shown to be realized by developing the 
technology of a single-electron memory of Si nanocrystals 
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The controUed-NOT operation is given by [g|: 
ki)|e2) — > |ei)|ei © e2)(niodulo2) where ei shows a con- 
trol qubit and €2 shows a target qubit. The value of ei 
remains unchanged whereas that of £2 is changed only if 
ei = 1. This operation is important because it acts as 
a measurement gate and produces the entanglement 0] 



which plays an important role in quantum cryptography 
gates [|0[. In this paper we show the quantum gates of 
the semiconductor coupled quantum dots, emphasizing 
their controUed-NOT operation. 

The structure of the paper is as follows. In SecO the 
basic idea of this paper is presented and the static and 
dynamic properties of the coupled quantum dots oper- 
ating as a quantum gate are discussed. In Sec. [II we 
estimate the decoherence time in the quantum operation 
and the measurement time in the detection process of 
the proposed coupled quantum dot system. We also dis- 
cuss the fabrication process of the coupled quantum dot 
system. Conclusions are presented in Sec. IV. 



II. 



CONTROLLED-NOT-GATE BY THE TWO 
COUPLED DOTS 



Coupled quantum dot systems with a few electrons 
have been extensively investigated in regard to many- 
body effects such as Coulomb blockade [|ll|-|l6[. From 
the experiments by van der Vaart p3[ , it can be seen 
that the electron transfer between dots occurs when the 
discrete energy-level of one of the dots matches that of 
the other dot of the coupled dots. Pfannkuche et al. |1J] 
showed theoretically that, as a result of the correlations 
between a few electrons in quantum dots, the electrons 
behave as if they were noninteracting electrons. Crouch 
et al. |l5|Jl^ ] showed that, if the tunneling barrier is low 
and the coupling of the two dots is strong, the coupled 
dots behave as a large single dot in a Coulomb blockade 
phenomenon. This means that, if the tunneling barrier 
between the dots is sufficiently small, it is possible that 
only one electron exists in the coupled dots. 

Thus, we can consider the electronic state of the two 
coupled dots in the range of the free electron approxima- 
tion [ p7p^ at the first step of investigation. When two 
dots of different size are coupled and one excess electron is 
inserted, the system can be treated as a two-state system 
where the energy-levels of the total coupled dot system 
show the localized state of wave function reflecting the 
different energy-levels of the independent isolated dots 
||l7| . When gate bias voltage is apphed and the poten- 
tial slope is changed, there appears a gate bias voltage, 
V^cs, at which the two energy- levels of the original single 
dots coincide and the electron transfers to another dot 
(resonant tunneling). Coupling removes the degeneracy 
of energy-levels in the single dot quantum states, and 
produces new states of delocalization such that the even- 



parity and odd-parity wave functions spread over the two 
coupled dots. Thus, if we regard the perfect locahzation 
of the charge in one of the coupled dots as '|1)' state and 
that in the other dot as '|0)' state, we can constitute qubit 
by the coupled quantum dots (Fig. nl). 

The point is, by adjusting the gate bias, we can control 
the electronic state from the localized regions ( |1) and |0) 
) to the intermediate delocalized region only where the 
electron transfers from one dot to the other in the cou- 
pled dots in a short time (~ picosecond) pT[[lq ]. As the 
tunneling barrier structure is asymmetric, the leak cur- 
rent through the coupled dot system is extremely small 
p9[ and neglected actually. 

When the above coupled dots (qubits) are arrayed side 
by side, the charge distribution of the electron in a qubit 
changes the potential profiles and the energy-levels of the 
neighboring qubits by its electric field. We assume that 
the electron transfer between different qubits can be ne- 
glected. Then the electronic state in a qubit is affected 
by whether the electrons in other qubits stay in the '|1)' 
state, '|0)' state or arbitrary superposition state of '|1)' 
and '|0)'. By changing the charge distribution of the 
array of qubits, we can operate the total charge distri- 
bution of the electrons and the quantum circuit. Figure 
H shows the case of the two-qubit controlled-NOT-gate 
where one set of the coupled dots operates as a control 
qubit and the other as a target qubit. Later, it is shown 
numerically that this array of the coupled quantum dot 
operates as the controlled-NOT-gate. 

One of the candidates for the coupled dots of the quan- 
tum computer is considered to be the Si nanocrystals 
embedded in the gate insulator (Fig.^. This is based on 
the Si LSI technology similar to that of Tiwari's single- 
electron memory |g|,y which is extensively investigated 
because it operates at room temperature. The excess 
charge is supplied from the inversion layer in the sub- 
strate. By setting larger dots near the channel, the 
structure shown in Fig. can be realized. The arrange- 
ment of the gate electrodes which control the individual 
qubits depends on the individual algorithm. The sim- 
plest form is the case where there are two gate electrodes 
and two sets of coupled dots (Fig. ||), which works as 
the controlled-NOT-gate explained in this paper. The 
measurements process is operated by the upper gate elec- 
trode which controls the overall channel carrier density. 
The upper gate also protects the electronic states in the 
dots from disturbance by shielding the external electro- 
magnetic field. The qubits interact mutually and the 
distribution of the charges affects the current flow (chan- 
nel conductance) between the source and drain and the 
threshold gate voltage. A |11) state shifts the threshold 
voltage most and a |00) state shifts it least. Because of 
the sloping channel depth from the source to the drain, 
the |10) state and |01) state can be distinguished. Thus 
the quantum mechanical calculation proceeds as follows: 
(0)To initialize the charge distribution (initial quantum 
states) , a large voltage is applied on the upper gate over 
the coupled dots, and unifies the charge distribution in 



the coupled dots, (l)The input and output signals are 
added through the gates over each qubit, (2)the final dis- 
tribution of charges (final quantum states) is detected by 
the current between the source and drain and the thresh- 
old voltage shifts of the upper gates over the coupled dot 
system. 

When there are many qubits, the controUed-NOT op- 
eration of pairs of qubits is affected by the quantum 
states of the surrounding qubits. That is, the applied 
gate voltage of operation changes depending on the quan- 
tum states of other qubits. This is the same situation as 
the qubits of Barenco et al. Q. Although the decou- 
pling schemes used in NMR experiments can be applied 
to avoid the coupling between qubits, it is considered to 
be desirable that the general quantum calculations are 
designed by considering the arrangement of qubits pOf . 

This structure of the proposed system has the merit 
that the charge distribution in the coupled dot system, 
which is considered to be a very small signal, is expected 
to be detected by the channel conductance with high sen- 
sitivity like that of the single-electron memory [|| . 

Similar to Tiwari's single-electron memory, the charg- 
ing effect appears between the coupled dots and the chan- 
nel region and the probability that two electrons come 
into the qubits is very small as long as the capacitance 
of the junction is sufficiently small. 

In principle, the qubits by the semiconductor quantum 
dots with discrete energy-levels do not directly require 
that the quantum dots be asymmetric. Two coupled 
quantum dots with discrete energy-levels can organize 
the two-state system. However, when the coupled dots 
are embedded in the FET-type insulating layer that we 
propose, the asymmetry of the coupled dots is required 
for the following two reasons. First, in order to prevent 
the electron in the coupled dots from returning to channel 
region in the substrate during the quantum operation, a 
finite voltage is required. The second reason is related 
to the measurement process. For the current to flow, a 
finite gate voltage that is larger than the threshold volt- 
age is required. Because, as discussed below, a large gate 
voltage breaks the coherent state of the coupled dots, 
much voltage cannot be applied on the gate electrode. 
Thus, it is desirable that the two discrete energy-levels 
of quantum dots coincide under the applied gate voltage 
and the quantum calculation and the measurement be 
carried out near the threshold gate voltage. These are 
the reasons why the asymmetry of the coupled quantum 
dots is required. 

Below, we show the static properties of the wave func- 
tion of the localized electron by using the S-matrix the- 
ory and the controUed-NOT operation of the coupled 
dots. The periodical motion of the localized electron 
is shown by solving a time-dependent Schrodinger equa- 
tion. The exact theoretical treatment of the coupled dot 
system would be to solve the exact three-dimensional 
Schrodinger equation. However, since this direct method 
is difficult to apply in practice, we use the following ap- 
proximations. The static behavior is studied by solving 



the one-dimensional Schrodinger equation, and the dy- 
namic behavior, which is more difficult to treat, is stud- 
ied by regarding the quantum dots as zero-dimensional 
objects. 



A. Static properties of the qubit of the coupled 
quantum dots 

The static properties of the wave function in the cou- 
pled dots can be shown by applying the S-matrix theory 
pfl to the one-dimensional case. The one-dimensional 
Schrodinger equation is given: 



2mi dz'^ 



V,{z)]i;,{z) = Ei^iz) 



(1) 



where i{— f , .., N-^) show the number of the mesh in the 
calculation. It is well known that a relatively small num- 
ber of iVm is sufficient for the calculation (here Ny^ ~ 
1000). The electric fields by other coupled dots are con- 
sidered to be included in the potential, Vi{z). We use the 
plane wave approximation for the wave functions: 



The boundary conditions are given 
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rrii dx rui^i dx 
which determines the coefficient Ai, Bi : 
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(2) 
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(4) 



where r^ = (ki/m*)/{ki+i/m*_^^i). Here we assume that 
the electron is inserted from the channel layer (i = 
part) and neglect the reflection amplitude of the wave 
function of the gate electrode (i3jv„, = ) , similar to Ref. 
pl[ . Then the transmission coefficient is given: 
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(5) 



Discrete energy-levels of the coupled dots are those when 
this transmission coefficient has a maximum. We can 
estimate the effects of the Coulomb interaction of the 
control qubit on the target qubit shown in Fig. y. The 
Coulomb interaction on the dot ai from the dot 02, and 
that from the dot 62 are given by t/aiaa — e^/e'^aiaaPaai 
^0162 — e'^/erajb^pbg, respectively, where pi is the density 
of the wave function of dot i and r^ shows the distance 
between the center of the dot i and j. We set p^ = or 
I depending on the existence of the localized electron of 
the neighboring qubits. The Coulomb interaction on the 
dot &i is treated similarly. These Coulomb interactions 
are added to the potential bottom of the target qubit. 
For simplicity, we neglect the self-consistent effects. 



The localized electron in one of the coupled dots moves 
into the other dot only if the two discrete energy-levels 
are set close (on resonance). The slight change of the 
relative energy-level by the electric field generated by the 
other set of coupled dots makes impossible the transfer 
of the localized electron from one dot to the other. The 
basic concept of this scheme is similar to that of Barenco 
et al. Q. Whereas Barenco et al. use the ground state 
and excited state in a single dot with optical resonant 
effects, we are using only the ground state of the coupled 
dots only with electrical resonant effects (ground state 
operation ). The smaller the size of the dot, the more 
stable is the operation. 

Figures and H show the calculated results of the 
controUed-NOT operation in Si/Si02(e = 4) material. 
The barrier height of Si02 is assumed to be 3.1 eV and 
the effective mass of Si and Si02 are assumed to be 0.2mo 
where mo is a mass of free electron. As the tunnel- 
ing barrier is sufficiently high, the coupled dot system 
can be made smaller in the Si/Si02 system than in the 
GaAs/AlGaAs system |2^. The diameter of the larger 
quantum dot is 6nm and that of the smaller is 4nm where 
the thickness of the tunneling barrier is I.5nm. The dis- 
tance between centers of the dots of the same size is as- 
sumed to be 20nm (4x 10^^ dots/cm^). These values 
are taken from the experiments by Tiwari et al. ||8|] . The 
thinner tunneling barrier between the dots in a qubit be- 
comes (< fnm), the weaker the rate of the localization 
effect is. 

Electron in a target qubit is localized in a larger dot 
at lower gate bias region (region A^-^^^ in the case where 
control qubit is in |1) state in Fig.^). As the gate voltage 
is applied, the energy-level of the localization in the larger 
dot exceeds that of the smaller dot. At Vq — VreJ (center 
of the left hatched region in Fig.Q), the wave function 
of the lowest energy state (even-parity) and that of the 
excited state (odd-parity) spread over the two dots with 
equal weight, when the control qubit is in |1) state. The 
degenerate energy-levels of the single dots are split by the 
coupling of the dots and show the small energy difference, 
AE (~ 6.28 xIO^^ cV: which is not distinguishable in 
the figure). This resonant gate bias shifts toward the 
higher bias region in the case where the control bit is 
in |0) state. This is because the electron in the control 
qubit is localized in a smaller dot and the band bottom 
of the smaller dot in the target qubit is raised (Fig.^(b)). 

Thus, when we apply the voltage, Vl-es , in a half time 
of the oscillation with time period, t^ ~ fi/2AE (~ 5.2 
picosec), the electron moves between alternate dots only 
if the control qubit is in |I) state and we can show the 
controUed-NOT operation in the coupled quantum dot 
system. 



B. Dynamic properties of the qubit of the coupled 
quantum dots 

Note that the wave function shown in Fig.His the static 
one and dynamical properties can be easily discussed by 
solving the time-dependent Schrodinger equation Q as 
follows. The localized wave functions in a quantum dot 
a and b and the eigenenergies are expressed as ipaix) and 
ipb{x), and, Ea and Eb, respectively, which are assumed 
to be far apart from each other. Then the coupled wave 
function is constituted by these wave functions as, 



^{x,t) = a{t)'ijja{x) + b(t)ipb{x). 



(6) 



The Hamiltonian of the Schrodinger equation, ihdip/dt — 
Hip, is given by 
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(7) 



where Vo(=3.1 eV) is a barrier height between the quan- 
tum dot a and b. This equation is easily solved and the 
eigenenergies are given as 

UJ± ^ {uJa + UJb)/2 ± LOq (8) 

where uja = Ea/h, Ub = Eb/h, Cg = {l\Va - Vo\2)/h , 

Cb = {2\Vb - Vo\l)/n and UJq = ^/[{LUa - L^b)/2]^ + CaCb- 

When the applied bias puts the energy-level of dot a and 
dot b at the same level and makes the two dots symmetric 
{uJa = ujb and c^ = Cb), 
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(9) 



When the time-dependent phase is removed by the in- 
teraction picture, this solution shows that it includes 
the NOT operation in quantum computing, one of the 
basic single qubit operations. In particular, when the 
charge is localized in one of the coupled dots in the ini- 
tial state(a(0) — 1, 5(0) — 0), we have: 



a{t) 



e~*'^°*coswoi, 6(t) = -ie^^'^-'sinwoi. (10) 



This shows that the localized electron moves completely 
between dot a and dot b with a period, tt/{2loq). Thus 
we can show the charge transfer is realized when we ap- 
ply the voltage at which the energy-levels of the initially 
isolated dot coincide, which also corresponds to the case 
where the energy-level of ground state and that of the 
excited state of the coupled dots approach most closely 
(hatched area in Fig.^, in the time period of tt /{2ujq). 
Moreover, in the case of a different initial condition of 
charge distribution, (|0) + |1)) /\/2 is realized as a static 
state. 

Time spent for the transfer of the charge in a coupled 
quantum dot is given as rf- = 7r/(2a;o) with: 
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(11) 



where l^ is an average width of the quantum dot (= 
5nm), III (=1.5 nm) is the width of the tunneling barrier 

between the two dots, K — •i/277i(Vo — E)/h and and E 
is the energy of incident electron. We obtained t^ ^ 12 
picosec in the case of Fig.H, which is longer than the time 
obtained above (r^). This is because this time-dependent 
approach numerically identifies the exact results when 
the two dots are far apart p7| ]. In any event, this numer- 
ical mismatch never changes the physical aspects of the 
coupled dot system. 

Although the speed of the operation becomes faster 
as the tunneling barrier between the coupled dots in a 
qubit becomes thinner, the wave function of the qubit of 
thin tunneling barrier does not localize sufficiently. In 
the case of our calculation of Si02, the criterion of the 
minimum thickness of the tunneling barrier is considered 
to be around Inm, where the switching speed is estimated 
to be sub-picosecond. Below, the switching speed is also 
discussed in relation to the measurement time. 



III. DISCUSSION 

A. Estimation of decoherence time 

Here we roughly estimate the decoherence time in 
quantum computation of the proposed coupled dots em- 
bedded in the Si02 material based on the results by 
Leggett et al. | p3[ . During the quantum computation, 
the voltage between the source and drain is kept zero and 
there is no flow of the detecting channel current. The de- 
coherence in this case is considered mainly to originate 
from the phonon environments. The Si02 is a polar ma- 
terial and the optical phonon mode ( ~ 0.153 eV) will 
be the major dissipation mechanism of the high temper- 
ature and high energy region. Here, we consider the low 
temperature region where only the acoustic phonons play 
the major role in the decoherence mechanism. The ef- 
fects of this dissipative environment on the two-state sys- 
tem is treated by the infinite bath of harmonic oscillators 
of acoustic phonons (spin-boson Hamiltonian) where the 
interaction term between the two-state system and the 
acoustic phonons is derived from that of the amorphous 
Si02 |23J2^. The spectral function, J{uj), is given in the 
Debye approximation as: 



2^^^-) 
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(12) 



where 7 - 10 eV, c -- 4300 m/sec, p - 2200 kg/m^, d - 
0.5 nm, v ~ lO"** are a deformation potential, a sound 
velocity, a density, a lattice constant, and a dimension- 
less parameter, respectively. Here, we use the value of 
the deformation potential of the electrons in the bulk Si, 



because in the model of Ref . |^,^ , the particle in the 
two-state system is assumed to be an atom. The first 
term of Eq. (|lj) is the superohmic part and the second is 
the ohmic part. From Ref. ||2^, the temperature where 
the ohmic part appears is estimated to be less than mK. 
First we estimate the decoherence time of the super- 
ohmic term. Here we treat the case of no bias and denote 
the bare tunneling frequency as A = Ca = c;,. Accord- 
ing to Leggett et al. Q, the two-state system without 
bias voltage shows the underdamped coherent oscillation 



where the damping rate, Fgo, at T = 0, is given as 



Jso(A)/4^ 



'inhpc^ 



(13) 



where A is the renormalized form of the bare tunneling 
frequency, A, defined as 



A = A exp 
= A exp 



1 
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(14) 



When we take the above parameters of a-Si02 of Ref. 
^ and cutoff, uJc = kBOo/h with Bd ^ 450K, the 
value of the factor in the exponential is less than -10^, 
which extremely reduces the value of A ( fiA ^ 10~^ 
eV in the above case). The decoherence time derived 
from the superohmic dissipation, Tso = l/Fso, increases, 
as the A decreases. The direct calculation of the deco- 
herence time becomes more than seconds. This will be 
because the true microscopic values will be different from 
those used above, which will be partly the same situation 
as Ref. pffl. When we use bare tunneling frequency, A 
instead of A in Eq.(p^ in order to estimate the short- 
est decoherence time at the present, Tgo ^ 4.8x10^^ sec, 
during which thousands of quantum calculations can be 
realized in the proposed system where the one-step calcu- 
lation is executed in a few picoseconds. Because A <C lUc, 
this underdamped behavior persists up to the finite tem- 
perature (see Leggett et al. [§3[)- However, in order to 
show the numerical behavior at the finite temperature, 
we need the microscopic material values which appear in 
Eq.(O). Thus, we cannot show the maximum tempera- 
ture of operation limited by the above superohmic term 
here. 

At low temperature region less than niK, ohmic dis- 
sipation should be considered. The dimensionless ohmic 
dissipation coefficient, a = ^"^u"^ / (2'iT'^hpc'dP) ^ 2x10^^, 
shows that in our case the coherent oscillations survive 
and the contribution of the incoherent part vanishes in 
this small a regime ( Ref. p^). 

These 'long' decoherence times will originate from the 
high potential barrier(Si02) between the two coupled 
quantum dots. By contrast, the short transition time 
via acoustic phonons in the two-state model of glasses is 
estimated to be of the order of 10~^^ sec, which is de- 
rived from a low barrier height (~ 0.2eV ) and a short 



distance of the two states (~ O.lnm) ||2^. These 'long' 
decoherence times will be related with the 'phonon bot- 
tleneck' of Ref. |p8| and effects of phonons are different 
from those in the bulk [g9| . 

The promising results of the above estimation of the 
'long' decoherence time might be due to the simple two- 
state model of the ideal quantum dots apart from the 
question of the true microscopic values. When we con- 
sider the transitions to the excited energy-levels in each 
quantum dot (about 0.018eV(~ 210K) above the ground 
state in the lOnm Si quantum dot), which will occur at 
higher temperature regions (> 210K), it is possible that 
the desirable quantum operation will be limited. Also, 
as the temperature rises, the effects of optical phonons 
cannot be neglected and the decoherence time will be re- 
duced by the energy exchange between the electron and 
the optical phonon modes. In particular, when the quan- 
tum gate is operated in the AC gate voltage mode of high 
frequency in a general quantum operation, the dipolc of 
the charge distribution in the coupled quantum dots will 
be more strongly affected by the electronic environment 
and the decoherence time will be reduced. Although 
there are many problems that need to be investigated 
in more detail, the above results show that the quantum 
computing in the semiconductor coupled quantum dots 
seems to be realizable from the viewpoint of one of the 
elementary steps of the investigation [R0| . 



B. Measurement process 

Next, the measurement process of the MOSFET struc- 
ture is discussed in more detail. We treat the linear re- 
gion of channel current. Id, as Id = 5m(VG — Vth), where 
Qra is a transconductance of the FET, and Vth is a thresh- 
old voltage. The change of the charge distribution in the 
coupled dots induces a shift of the threshold gate volt- 
age, A Vth J which is measured through the variation of 
the detecting channel current, A/d, by the field effect. 
The AVth of a single qubit is given approximately by 
edab/e where dab is the distance between the two dots in 
a qubit, and found to be of the order of a few tens of 
meV. This magnitude of the shift of the threshold volt- 
age is found to be of a somewhat smaller order than that 
reported by Guo et al. |^. The corresponding Aid is 
given by A/d = —5mA Vth- This measurement process is 
considered to be similar to that of a quantum point con- 
tact(QPC). The measurement process of the coupled dots 
by QPC has been intensively investigated [ pi|j32| . Here 
we use the results of Gurvitz pl| . The measurement 
time. Tins, at the channel current of Id, can be described 
as 



1 




(15) 



The behavior of the detector can be classified depending 
on whether l/rms ^ A or l/r^-ns ^ A, where A is the 



tunneling frequency of the electron in a qubit. The first 
case, 1/rms 'C A, is called a 'weak damping' which im- 
plies that the electron oscillation in the qubit is faster 
than the detection and we will not be able to decide the 
position of the electron in a qubit. The second case, 
l/^ms 3> A, is called a 'strong damping' which implies 
that many electrons can flow through the channel region 
during an electron oscillation in a qubit. In the latter 
case, we can induce a 'Zeno time', rz ^ (1/Tins)/(8A^), 
and observe the position of the electron in the time inter- 
val between t^s and tz by the continuous measurements 
by Zeno effect. 

When we apply these arguments to the experiments 
of Guo et al. g at AVth — 30 meV, we have gm ^ 
1.8 X 10-^17-1 and r^s ~ 1.7 x IQ-^ sec (> 1/A), if 
TiA = 10~^ eV. This shows that the measurement pa- 
rameters in the results of Ref. |g| are not those of a good 
detection for fi/S. = 10~^ eV. The gm can be simply in- 
creased by increasing the bias between the source and 
drain Q . These quantum-dot memories are considered to 
be prototypes, and, in the future, great improvement can 
be expected, for example, by reducing the resistive par- 
asitics between the source and drain. However, when we 
would be unable to find a solution capable of improving 
the speed of transconductance by three orders, it would 
be necessary to reduce the speed of the gate operation, 
which can be controlled by the thickness of the tunneling 
barrier between the coupled dots, so as to realize better 
detection. In any events, the optimal speed of the gate 
operation will be able to be increased as the developing 
fabrication technology improves the measurement speed. 

Lastly, we consider whether the SET structure pro- 
posed by Shnirman et al. [ p3[ is more suitable for the 
measurement than the MOSFET structure. If we adopt 
the SET instead of MOSFET, the Josephson couphng 
energy, _Bj, of Shnirman et al. 133] corresponds to our 
tunneling matrix element, Ti/S., and their charging energy 
term corresponds to our bias term, Ea — Eh, respectively. 
This is possible because the Hamiltonian of Shnirman et 
al. [Q is described by the two-state system, and their 
model is considered to be universal in the measurement 
process in quantum computing. In this case we have 
to reduce the Eget to less than that of Shnirman et al. 
in order to suppress the bias term in the coupled dots 
and prevent the breakdown of coherence of the two-state 
system. Thus, the MOSFET structure seems to be avail- 
able for the read-out device of the semiconductor qubit 
system, although the strict comparison will be needed. 
Moreover, problems may be ameliorated as the process 
technology of conventional LSI advances. 



C. Fabrication of tiie coupled quantum dots 

The coupled dots (qubits) can be fabricated by apply- 
ing the self-limiting oxidation process of Si nanostructure 
p3. For example, the oxidation process after forming 



Si nanocrystals on a thin amorphous Si layer via Si02 
thin film changes the amorphous Si layer and leaves Si 
dots only under the top Si nanocrystals which also re- 
main. Thus forming the coupled dot system is more fea- 
sible than controlling donor atoms in substrates. The 
small fluctuation of the dot sizes is not serious because 
the on/off gate voltage can be adjusted to be initialized 
depending on each energy- level of each qubit. Another 
concern is that interface traps may be another localized 
state and break coherence of the quantum calculation. 
However, the density of the trap state (~ 10^" cm~^) is 
smaller than the assembly of the nanocrystals (~ 10^^ 
cm 



-')■ 



IV. CONCLUSIONS 

We have proposed a quantum computer based on the 
coupled dot system, which can be realized by develop- 
ing the technology of the single-electron memory with Si 
nanocrystals. The basic idea is (1) the electron is lo- 
calized in one of the asymmetric coupled dots. (2)The 
electron transfer takes place from one dot to the other 
when the energy-levels of the coupled dots are set close. 
(3)The Coulomb interaction between the coupled dots 
mutually affects the energy levels of the other coupled 
dots. The estimated decoherence time is found to permit 
a sufficient number of quantum calculations to be exe- 
cuted. The proposed system, where the direct combina- 
tion of the quantum circuit and the conventional circuit 
is possible, is shown to be a promising candidate for the 
quantum computer. 
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FIG. 1. Coupled quantum dot as qubit: large quantum 
dot and small quantum dot are coupled such that the larger 
dot is set close to the channel from where one excess electron 
is inserted into the coupled dots. The smaller dot is set near 
the gate electrode via thick tunnel barrier which controls the 
energy-levels of the coupled dots. The localized electron in a 
larger dot expresses the |1 > state and that in a smaller dot 
expresses the |0 > state. 



FIG. 2. Quantum gates (controUed-NOT-gate) are consti- 
tuted by setting the coupled dots of Fig.l close to each other 
with the common channel. Solid lines show the path of elec- 
tron tunneling. Dotted lines show the electric fields generated 
between quantum dots or between quantum dots and gates. 



FIG. 3. An example of the A'^ coupled dot system of quan- 
tum computing. Dots are coupled in the longitudinal direc- 
tion. The electron transfer in the lateral direction is assumed 
to be neglected. The FET channel structure enables the de- 
tection of the small signal of the charge distribution in coupled 
quantum dots. 



FIG. 4. Relation between the energy-levels of elec- 
trons of a target qubit and the gate bias for the cases 
in which the control qubit is in '|1)' state and '|0)' 
state. The structure is: channel/Si02(2.5nm)/Si nanocrys- 
tals (6nm:dot a)/Si02(1.5nm)/ Si nanocrystals (4nm:dot 
6)/Si02(7nm)/Gate. A'-^' &nA B^^' show the localized regions 
in gate bias for a larger dot (dot ai in Fig. 2) and a smaller 
dot (dot 61 in Fig. 2), respectively, when the control qubit is 
in |1) state. A^^' and -B'"' show similar regions when the con- 
trol qubit is in |0) state. Hatched areas show the regions of 
the delocalization where the wave functions spread over the 
two dots. This area shifts depending on whether the control 
qubit is in '|1)' state or '|0)' state. At the boundaries of these 
areas, wave functions are delocalized less than 98 % in one of 



(1) 



the dots and at their centers, V^ 
equally distributed in both dots. 



or V'°' 



wave functions are 



FIG. 5. Spatial dependence of ji/ip of the target qubit when 
the gate bias is K-es ■ (a) the control qubit is in 'jl)' state (the 
charge of the control qubit is localized in a larger dot near 
the channel and the potential of the dot near the channel in 
target qubit is raised), (b) the control qubit is in '|0)' state 
(the charge of the control qubit is localized in a smaller dot 
and the potential of the smaller dot in target qubit is raised). 
Wave functions are normalized in the lateral regions of the 
figures. The amplitude of the normalized wave function refers 
to the left scale and the potential profile of the qubit refers 
to the right one. This shows the controUed-NOT operation 
in which the state of the target qubit is changed in a few 
picoseconds (dynamical properties) only if the control qubit 
is in |1) state. 



